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Abstract. The desmosomal plaque protein desmoplakin 
(DP), located at the juncture between the intermediate 
filament (IF) network and the cytoplasmic tails of the 
transmembrane desmosomal cadherins, has been pro- 
posed to link IF to the desmosomal plaque. Consistent 
with this hypothesis, previous studies of individual DP 
domains indicated that the DP COOH terminus associ- 
ates with IF networks whereas NH2-terminal sequences 
govern the association of DP with the desmosomal 
plaque. Nevertheless, it had not yet been demonstrated 
that DP is required for attaching IF to the desmosome. 
To test this proposal directly, we generated A431 cell 
lines stably expressing DP NH2-terminal polypeptides, 
which were expected to compete with endogenous DP 
during desmosome assembly. As these polypeptides 
lacked the COOH-terminal IF-binding domain, this 
competition should result in the loss of IF anchorage if 
DP is required for linking IF to the desmosomal plaque. 
In such cells, a 70-kD DP NH2-terminal polypeptide 
(DP-NTP) colocalized at cell-cell interfaces with des- 
mosomal proteins. As predicted, the distribution of en- 
dogenous DP was severely perturbed. At cell-cell bor- 
ders where endogenous DP was undetectable by 
immunofluorescence, there was a striking absence of 
attached tonofibrils (IF bundles). Furthermore, DP- 
NTP assembled into ultrastructurally identifiable junc- 
tional structures lacking associated IF bundles. Surpris- 
ingly, immunofluorescence and immunogold electron 
microscopy indicated that adherens junction compo- 
nents were coassembled into these structures along 
with desmosomal components and DP-NTP. These re- 
sults indicate that DP is required for anchoring IF net- 
works to desmosomes and furthermore suggest that the 
DP-IF complex is important for governing the normal 
spatial segregation of adhesive junction components 
during their assembly into distinct structures. 
T 
HE potential structural importance of cytoskeletal- 
membrane  interactions  at  cell-cell  and  cell-sub- 
strate  interfaces  has  long been recognized,  and  a 
number  of candidates  for  linking  molecules have  been 
identified (for reviews see Luna and Hitt, 1992; Cowin and 
Burke, 1996). However, since these linking  proteins often 
reside in large macromolecular complexes within the cyto- 
plasmic plaque regions of adhesive junctions, it has been 
difficult to define a specific role in cytoskeletal attachment 
for individual components at a molecular level. 
Two major adhesive junctions mediate the attachment 
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of epithelial cells to one another: microfilament-associated 
adherens junctions (zonula adherens) and intermediate fil- 
ament-associated  desmosomes  (macula adherens) (Far- 
quhar and Palade, 1963; Staehelin,  1974; Geiger and Gins- 
berg, 1991; Jones and  Green,  1991; Tsukita  et al.,  1992; 
Garrod,  1993; Citi,  1994; Collins  and  Garrod,  1994; 
Schmidt et al., 1994). The transcellular glycoprotein com- 
ponents of these junctions are the classic cadherins and the 
desmosomal cadherins,  respectively (Magee and Buxton, 
1991; Cowin and Mechanic, 1994; Koch and Franke, 1994). 
The cytoplasmic plaque protein plakoglobin, a member of 
the family of armadillo repeat proteins (Cowin et al., 1986; 
Cowin, 1994), binds to the cytoplasmic tails of either des- 
mosomal  or  classic  cadherins  (Knudsen  and  Wheelock, 
1992; Peifer et al., 1992; Kowalczyk et al., 1994; Mathur et 
al., 1994; Troyanovsky et al., 1994), although in the latter 
case, this association may be with lower affinity (Aberle et 
al., 1994; Kowalczyk et al., 1994; Nathke et al., 1994). With 
the exception of plakoglobin, the plaques of these junctions 
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13-catenin in adherens junctions and desmoplakin in des- 
mosomes.  These  junction-specific  plaque  proteins  are 
thought to govern the attachment of specific cytoskeletal 
elements to the appropriate junction. 
At the ultrastructural level, desmosomes appear as pairs 
of  symmetrical  cytoplasmic  plaques  abutting  a  plasma 
membrane-containing central core domain, composed largely 
of the extracellular domains of the desmosomal cadherins, 
desmoglein  and  desmocollin  (Buxton  and  Magee,  1992; 
Buxton et al.,  1993; Koch and Franke, 1994).  The desmo- 
somal plaque is made up predominantly of the cytoplasmic 
tails of these desmosomal cadherins, plakoglobin, and the 
most abundant desmosomal plaque proteins, desmoplakin 
I  (DPI),  t  a constitutive desmosomal component, and the 
variably  expressed  DPII  (Skerrow  and  Matoltsy,  1974; 
Mueller and Franke, 1983; Cowin et al., 1985; Kapprell et 
al.,  1985;  Angst  et al.,  1990).  Desmosomes exhibit addi- 
tional cell-type specificity; there are  at least three genes 
encoding each of the desmoglein and desmocollin subfam- 
ilies that are expressed in a tissue- and differentiation-spe- 
cific manner  (Buxton  et  al.,  1994;  Garrod  and  Collins, 
1994)  as well as a number of tissue-specific and/or minor 
accessory  proteins  (Wiche,  1989;  Ouyang  and  Sugrue, 
1992; Hatzfeld et al.,  1994; Heid et al.,  1994; Skalli et al., 
1994; Brakenhoff et al., 1995). 
By serving as a cell surface attachment site for cytoplas- 
mic intermediate filaments (IF), desmosomes facilitate the 
formation  of  a  transcellular  cytoskeletal  network  that 
plays a critical role in the maintenance of tissue integrity 
(Steinert,  1993;  Fuchs  and  Weber,  1994;  McLean  and 
Lane, 1995; Roop, 1995). The abundance and localization 
of DP  in  the  inner  portion  of the  desmosomal  plaque 
through which IF appear to loop (Kelly, 1966)  led to the 
proposal that DP acts to link IF to the desmosome (Jones 
and Goldman,  1985; Miller et al.,  1987;  Steinberg et al., 
1987). DPI and II are large proteins derived from a single 
gene  (molecular  masses  from  predicted  amino  acid  se- 
quence are ~330 and 260 kD, respectively) and each con- 
tain  three  major structural  domains based  on  predicted 
amino acid sequence and  rotary shadowing electron mi- 
croscopy (O'Keefe et al.,  1989; Green et al.,  1990; Green 
et al., 1992a; Green et al., 1992b; Virata et al., 1992). Both 
DPI and DPII are predicted to be homodimers consisting 
of globular NH2- and COOH-terminal domains flanking a 
central or-helical coiled coil rod domain, which is shorter in 
DPII than DPI due to alternative splicing (Virata et al., 
1992). 
The proposal that DP plays a role in linking IF to the 
desmosome is supported by previous studies from our lab- 
oratory, which demonstrated that DP is a modular protein 
with domains that facilitate interactions with both IF net- 
works  and  the  desmosomal  plaque  (Stappenbeck  and 
Green, 1992; Stappenbeck et al., 1993; Stappenbeck et al., 
1994).  In  these  studies,  DP  functional  domains  were 
mapped by transiently expressing epitope-tagged DP poly- 
peptides in cultured epithelial cells. The results indicated 
that the COOH-terminal domain of DP, either alone or in 
combination with the central rod domain, is capable of as- 
1. Abbreviations used in this paper: DP, desmoplakin; DP-NTP, 70-kD DP 
NH2-terminal polypeptide; IF, intermediate filament. 
sociating with vimentin or keratin IF networks. Recently, 
Kouklis et al. have demonstrated that the COOH-terminal 
domain of DP and type II epidermal keratins interact in 
vitro, suggesting that at least in certain cases, the interac- 
tion between DP and  IF may be direct (1994).  The DP 
COOH-terminal domain is apparently not required for the 
association of DP with the desmosome plaque, however, 
because an ectopically expressed DP polypeptide compris- 
ing  the  NH2-terminal  and  rod  domains  but  lacking  the 
COOH-terminal domain colocalizes with desmosomes (Stap- 
penbeck et al., 1993). In addition, this result indicates that 
the assembly of DP into desmosomes does not require an 
interaction between DP and IF networks, which supports 
previous observations (Mattey and Garrod, 1986; Bologna 
et al., 1986; Duden and Franke, 1988; Baribault and Oshima, 
1991).  However, the  assembly  of DP  into  desmosomes 
does require  NH2-terminal sequences,  as  ectopically ex- 
pressed DP lacking the first 194 amino acid residues of the 
DP NH2-terminal domain is unable to colocalize with des- 
mosomes (Stappenbeck et al.,  1993).  While the results of 
these  domain expression studies  are  consistent with  the 
idea that DP could act to link IF to the desmosome, it nev- 
ertheless remained to be determined whether DP is in fact 
required for anchoring IF to the desmosomal plaque. 
Here we have tested this hypothesis directly by generat- 
ing stable A431  epithelial cell lines expressing DP NH2- 
terminal  polypeptides.  We  reasoned  that  such  polypep- 
tides, which lack the COOH-terminal IF binding domain, 
would  act in  a  dominant  negative manner and compete 
with endogenous DP during junction assembly. In  these 
cell lines, a 70-kD DP NH2-terminal polypeptide assem- 
bled  along  with  desmosomal  components  into  distinct 
junctions at cell-cell interfaces. As predicted, endogenous 
DP was  lost from many cell-cell borders and aberrantly 
distributed  at  others.  Keratin  IF  bundles  were  not  at- 
tached at cell-cell borders lacking detectable endogenous 
DP, providing direct evidence that DP plays a central role 
in the assembly and/or anchorage of IF bundles at the des- 
mosomal plaque. Surprisingly, adherens junction compo- 
nents, including the classic cadherin E-cadherin and e~- and 
[~-catenin,  were  dramatically  redistributed  in  these  cell 
lines, colocalizing with the DP NH2-terminal polypeptide 
and endogenous desmosome components. These observa- 
tions raise the possibility that DP is not only required for 
linking IF bundles to desmosomes but may also contribute 
to  the  normal  segregation  of desmosome  and  adherens 
junction  components  during  the  assembly  of  adhesive 
junctions in epithelial cells. 
Materials and Methods 
Construction of Vectors 
for Eukaryotic Expression of DP 
NH2-terminal Polypeptides 
Vectors for eukaryotic expression of DP NH2-terminal polypeptides were 
generated by internal deletion  from an expression vector containing a 
eDNA comprising the DP-coding sequence with 332 bp of predicted 5' un- 
translated sequence (GenBank accession M77830) and a 3' tandem array 
of seven copies of a ten amino acid c-myc epitope tag (pDP.7myc) (Stap- 
penbeck et al., 1993).  A construct encoding the entire predicted DP NH2- 
terminal domain followed by the first 168 amino acid residues of the DPI 
rod domain (DP.NTRod168.7myc; base pairs 1-4003; see Fig. 1) was gen- 
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Figure 1.  Schematic diagram of DP NHz-terminal polypeptides. 
A  diagram of DPI is shown at the top of the figure, with the ap- 
proximate locations of the epitopes for the DP antibodies used in 
this study.  Below this are diagrams of the two 7myc-tagged DP 
NH2-terminal  polypeptides  as well as their predicted molecular 
weights. DP.NTRod168  consists  of the entire NH2-terminal do- 
main of DP and the first 168 amino acid residues of the DPI rod 
domain, while DP.NT710 consists of the first 710 amino acid resi- 
dues of the DP NH2-terminal domain. Also depicted is a model 
for the  generation  of the 70-kD  DP NH2-terminal  polypeptide 
(DP-NTP),  detected  in  A431  cells expressing  the  7myc-tagged 
DP polypeptides by immunoblotting with NW161 (see Fig. 2). 
erated by digestion of pDP.7myc with SalI (which cuts just 5' of the 7myc 
tag),  blunting  with T4 DNA polymerase,  digestion  with  EcoRV (which 
cuts within DPI), and religation of the plasmid. A construct  encoding the 
first  710  predicted  amino  acid  residues  of the  NHz-terminal  domain, 
DP.NT710.7myc (base pairs  1-2461), was generated in a similar manner, 
except that the site within DP, Aflll, was blunted prior to ligation. 
Construction of a Vector  for Bacterial Expression of a 
DP NH2-terminal Fusion Protein 
PCR was used to amplify the first 567 nucleotides  of DP cDNA following 
the predicted  methionine start codon; to aid in subcloning, the PCR prim- 
ers contained restriction  sites. The resulting  PCR product  was digested 
with BamHI and HindlII and subcloned into the bacterial expression vec- 
tor pQE-30 (Qiagen  Inc., Chatsworth,  CA), in frame with a 5' sequence 
encoding  six tandem  histidine  residues.  This  construct  was  designated 
p6HIS.DP.NT189. 
Cell Culture and Generation of Stable Cell Lines 
A431  epithelial  cells (a gift from M. Wheelock,  University of Toledo) 
were cultured  in DME containing  10% fetal calf serum,  100 U/ml penicil- 
lin, and  100 Ixg/ml streptomycin.  For generation  of stable  cell lines, cells 
were cotransfected  with calcium phosphate  precipitates  containing  a DP 
vector and either pSV2neo or pSV2pacAP (a gift of J. Ortin, University of 
Madrid and K. Johnson,  University of Toledo); other cultures were trans- 
Figure 2.  Immunoblot and immunoprecipitation analysis of A431 
cells expressing DP NH2-terminal polypeptides. A  and B represent 
duplicate loadings of whole cell lysates from a G418 resistant con- 
trol cell line (lane 1; neo A) as well as a series of eight cell lines ec- 
topically  expressing  the  7myc-tagged  DP-NTP,  DP.NTRod168 
(lanes 3-8; lines 1, 29, 9, 11, 8, and 5, respectively) or DP.NT710 
(lanes 2  and 9; lines C1 and D3, respectively; note that lysates of 
lines A1 and A2 are not shown).  As described in Materials and 
Methods, the volumes of cell lysates loaded were adjusted to con- 
tain similar levels of keratin  18. Immunoblotting was performed 
with either 9E10.2 (A), a mouse monoclonal antibody that recog- 
nizes the c-myc epitope tag, or NWl61  (B),  a  rabbit  polyclonal 
antibody directed against the first 189 residues of DP (see Materials 
and  Methods).  Closed  arrowheads  indicate the positions  of the 
155-kD polypeptide detected with 9E10.2 in cells expressing NTRod 
168.7myc and the position of the 94-kD 9E10.2-reactive polypep- 
tide detected in cells expressing NT710.7myc; the open arrow in- 
dicates  the  position  of the  70-kD  NW161-reactive polypeptide, 
DP-NTP, detected in both types of DP.NT cell lines. The asterisk 
indicates an unrelated polypeptide recognized by 9E10.2 in whole 
cell lysates  or Triton X-100 soluble  fractions  of all A431  cells, 
whether  experimental  or control; this  unrelated  polypeptide  is 
not detected in 9E10.2  immunoblots of NW161  immunoprecipi- 
tates, as shown in C, lane 4. The brackets indicate DPI and DPII. 
Levels of endogenous  DP  were  examined  in  four  control  cell 
lines in addition to neo A; the level of endogenous DP in the neo 
A  line (B, lane 1) is representative. (C) Results of an experiment 
in which material from control puroC cells (lanes 1, 3, and 5) or 
NT710.C1  cells (lanes 2, 4, and 6) was immunoprecipitated  with 
NW161  and immunoblotted with 9E10.2  (lanes 3  and 4); whole 
cell lysates immunoblotted with 9E10.2 (lanes I  and 2) or NWl61 
(lanes 5 and 6) are shown for comparison. Markings are the same 
as for A  and B.  Note that  the 9E10.2-reactive DP polypeptides 
(closed arrowheads) are  not  detected  by  immunoblotting  with 
NW161. Also note that no additional myc-tagged polypeptides of 
5 kD or greater molecular weight were detected by 9E10.2 immu- 
noblot  analysis of DP.NT710.C1  whole cell lysates subjected  to 
15%  SDS-PAGE  (data  not  shown).  Molecular weight markers 
from top to bottom: 205,121, 86, and 50 kD. 
Bornslaeger et al. Intermediate Filament  Anchorage Requires Desmoplakin  987 fected with only pSV2neo or pSV2pacAP to generate control G418 resis- 
tant (neo) or puromycin resistant (puro) cell lines, respectively. 24 h after 
transfection, cells were split into medium for selection containing either 
0.7 mg/ml (active concentration) G418 (GIBCO BRL, Grand Island, NY) 
or 1 p.g/ml puromycin (Sigma Chemical Co., St. Louis, MO). Drug-resis- 
tant colonies were cloned and expanded, and whole cell lysates were pre- 
pared in urea sample buffer (Green et at., 1991), and then screened by im- 
munoblot analysis using the monoclonal antibody 9E10.2  directed against 
the c-myc epitope tag (Evans et al., 1985). 
Generation of  Polyclonal  Antibody NW161 
A bacterial fusion protein containing six histidine residues followed by the 
first 189 predicted amino acids of DP was generated by inducing expres- 
sion of p6HIS.DP.NT189 in JM109 bacteria and purified using nondena- 
turing conditions essentially according to protocols described in The QIA 
expressionist (Qiagen Inc.). 500 Ixg of 6HIS.DP.NT189 was used to inject a 
rabbit  for the production  of polyclonal serum; secondary and  tertiary 
boosts of 380 and 100 IJ-g, respectively, were also performed (HRP Inc., 
Denver, PA).  The  resulting polyclonal serum,  NW161,  recognized the 
NH2-terminal domain of DP as judged by positive immunoblot reactions 
against the original bacterially expressed DP NH2-terminal polypeptide 
and against DP present in a variety of cultured cells (e.g., see Fig. 2 B) and 
in  a  preparation  from  bovine  tongue  enriched  in  desmosomes  (not 
shown). In addition, indirect immunofluorescence using NW161  gave rise 
to a typical desmosomal pattern in a variety of epithelial cells, including 
A431 cells (e.g., see Fig. 4). In all cases, appropriate controls using preim- 
mune serum were performed in parallel. 
Imraunofluorescence  Analysis 
Cells plated on glass coverslips were rinsed in PBS and fixed in methanol 
for  2  min  at  -20  °.  Mouse  monoclonal primary  antibodies used  were 
9E10.2, directed against the c-myc epitope tag (Evans et al., 1985); DP2.15 
(Boehringer-Mannheim, Indianapolis,  IN),  directed  against  the  DPI/II 
rod domain; KSB17.2  (Sigma Chemical Co.), directed against keratin 18; 
E7  (Developmental Studies Hybridoma Bank  Iowa City, IA), directed 
against tubulin; 11E4, directed against plakoglobin; 7G6, directed against 
desmocollin 2 (Kowalczyk et al., 1994); 6D8, directed against desmoglein 
(Wahl et al.,  1996);  5H10,  directed against 13-catenin; and 1G5,  directed 
against a-catenin (Johnson et al., 1993). Also used was E9, a rat mono- 
clonal directed against E-cadherin. 11E4,  7G6, 6D8, 1G5, 5H10, and E9 
were kindly provided by Dr. M. Wheelock. Rabbit polyclonal primary an- 
tibodies used were NW6 and NW38, both directed against the COOH-ter- 
minal domain of DP (Angst et al., 1990; Stappenbeck et al.,  1993),  and 
NWl61, directed against the NH2-terminal domain of DP (see above); a 
rabbit polyclonal antibody directed against ct-catenin (Aghib and McCrea, 
1995) was kindly provided by Dr. P. McCrea, University of Texas, M.D. 
Anderson Cancer Center, Houston, TX. Rhodamine phalloidin (Molecu- 
lar Probes, Inc., Eugene, OR) was used to detect F-actin. To visualize the 
primary  antibodies,  appropriate  fluorescein  or  rhodamine  conjugated 
anti-rabbit,  anti-mouse,  or  anti-rat  secondary antibodies (Kirkegaard 
and Perry Laboratories, Inc., Gaithersburg, MD) were used. Controls in- 
cluded incubation of fixed ceils with secondary antibodies alone or with 
preimmune rabbit serum as a primary antibody. In addition, single label 
immunofluorescence for each antibody used was performed as a control in 
double label immunofluorescence experiments. 
Immunoblot and Immunoprecipitation Analysis 
Cell  lysates or  immunoprecipitates were  analyzed by  SDS-PAGE fol- 
lowed by electrotransfer to nitrocellulose, performed as described previ- 
ously (Angst et al., 1990). Immunodetection was performed by incubating 
blots with antibodies diluted in 5% powdered milk, 0.05% Tween, in PBS, 
followed  by  enhanced  chemiluminescent  detection  (ECL;  Amersham 
Corp., Arlington Heights, IL).  To  compare protein levels between cell 
lines, the volumes of lysates loaded were first normalized for keratin 18 
content by immunoblotting with the monoclonal antibody KSB172.  Pro- 
tein levels were assessed by scanning densitometry. Immunoprecipitation 
analysis was carried out as described (Kowalczyk et al., 1994). 
Electron Microscopy and Immunoelectron Microscopy 
For both types of electron microscopy, experimental cell lines were used 
that exhibited many cell-cell borders with little endogenous DP staining 
by immunofluorescence analysis. For conventional electron microscopy, 
ceils cultured  on  Permanox dishes (Electron  Microscopy Sciences, Ft. 
Washington, PA) were processed as previously described (Green et al., 
1991).  For  immunoelectron  microscopy,  cells  cultured  on  Permanox 
dishes were fixed for 2-5 min in 2% paraformaldehyde in PBS at room 
temperature, rinsed thoroughly in PBS, and then permeabilized with 0.1% 
saponin for 15 min at room temperature. After extensive washing with 
PBS, cells were incubated with antibodies at room temperature overnight. 
Cells were then rinsed in PBS and incubated for 4 h at 37°C with a 1"5 dilu- 
tion of AuroProbe EM goat anti-rabbit 10-nm and/or goat anti-mouse 
5-nm gold-conjugated secondary antibodies (Amersham Corp.). Samples 
were  then processed for conventional  EM  as  described (Green  et  al., 
1991). The en bloc counterstaining with uranyl acetate performed for con- 
ventional electron microscopy was omitted for immunoelectron micros- 
copy samples. For double label immunoelectron microscopical analyses, 
controls included preimmune or nonimmune sera as well as single label 
immunoelectron microscopy for each of the antibodies. 
Figure 3.  Indirect double label immunofluorescence to detect endogenous DP and DP-NTP. NT710.C1  cells were reacted with DP2.15 
(A), which recognizes the DP rod domain of endogenous DP, or NWl61  (B), directed against the DP NH2 terminus. (Note that these 
and subsequent figures are labeled to indicate the detected antigen.) Some populations of cells exhibited a fairly substantial amount of 
endogenous DP, as shown here, although quite commonly other populations of cells exhibited even less immunoreactivity for endoge- 
nous DP. Bar, 25 Ixm. 
The Journal of Cell Biology, Volume 134, 1996  988 Figure 4.  Indirect double label immunofluorescence  to detect endogenous DP and DP-NTP. Control puromycin resistant (A and B), 
NT710.C1 (C and D), or NTRod168.1  (E and F) cells were reacted with DP2.15, which recognizes the DP rod domain of endogenous 
DP (A, C, and E) or NWl61, directed against the DP amino terminus (B, D, and F). C and D depict ceils with essentially no detectable 
endogenous DP; although such an area was quite typical, other areas of the culture appeared to have more endogenous DP (e.g., see 
Fig. 3). The arrows in E indicate endogenous DP at cell-cell borders; endogenous DP is also present in small cytoplasmic aggregates. 
These likely represent internalized desmosomes based on ultrastructural analysis (data not shown). Bar, 10 ixm. 
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Generation ofA431 Cell Lines Stably Expressing DP 
NH2-terminal Polypeptides 
A431 epithelial cell lines stably expressing DP NH2-termi- 
nal polypeptides (Fig. 1) were generated to test whether 
these polypeptides would act in a dominant negative man- 
ner to interfere with the assembly of endogenous DP into 
desmosomes. One polypeptide, DP.NTRod168, contained 
the entire predicted DP NH2-terminal domain as well as the 
first 168 residues of the rod domain (about one-fifth of the 
length of the predicted DPI rod). The other, DP.NT'/10, 
contained the first 710 predicted amino acid residues of 
the DP NH2 terminus. Both polypeptides were tagged at 
their COOH termini with a tandem series of seven c-myc 
epitope tags (7myc; see Materials and Methods). The mono- 
clonal antibody 9E10.2, generated against the single myc 
epitope (Evans et al., 1985), detects the 7myc tag with ex- 
tremely high sensitivity (Stappenbeck et al., 1993). 
From several independent transfections, six lines were 
generated expressing DP.NTRod168.Tmyc and four lines 
were generated expressing DP.NT710.7myc (see Materials 
and Methods; Fig. 2). Polypeptides of the predicted molec- 
ular masses of 155 and 94 kD, respectively, were detected 
by immunoblot  analysis  of cell lysates using  the  mono- 
clonal antibody 9E10.2 (Fig. 2 A; note that the 68-kD band, 
denoted by the asterisk, was detected by 9E10.2 in whole 
cell lysates and Triton X-100 soluble material from all A431 
cells, including control and parental cells). However, when 
immunoblot analysis was performed using the polyclonal 
antibody NWl61, directed against the first 189 amino acid 
residues of the DP NH2 terminus (see Materials and Meth- 
ods), polypeptides of these molecular weights were not de- 
tected (Fig. 2 B; closed arrowheads). Likewise, although 
the  epitope  for  the  monoclonal  antibody  DP  2.15  was 
present within DP.NTRod168.7myc, a  155-kD polypeptide 
was never detected by DP 2.15 in cell lines in which this 
7myc-tagged polypeptide was expressed (not shown). The 
7myc-tagged DP NH2-terminal polypeptides could be im- 
munoprecipitated with NW161 and detected by immuno- 
blotting with 9E10.2, indicating that they contained both 
the NWl61 DP NH2-terminal epitope and the COOH-ter- 
minal 7myc tag (Fig. 2 C, closed arrowhead; note that the 
unrelated 9E10-reactive protein denoted by the  asterisk 
was not immunoprecipitated by NWl61). Given the great 
sensitivity with which 9E10.2 detects the 7myc tag (Stap- 
penbeck et al.,  1993),  it seemed likely that  these  7myc- 
tagged polypeptides contained the NW161 DP NHz-terminal 
epitope but were present at levels too low to be detected 
by immunoblotting with NW161. 
Although these polypeptides could not be detected by 
immunoblotting with NW161,  a  polypeptide of ~70 kD 
was readily detected, specifically in cell lines expressing ei- 
ther of the 7myc-tagged polypeptides (Fig. 2, B or C, open 
arrowhead) or a construct encoding an untagged DP.NT710 
polypeptide (data  not  shown),  but  not  in  control A431 
cells (Fig. 2 B, lane 1, and Fig. 2 C, lane 5). Its detection by 
NW161 suggested that the 70-kD polypeptide was an NH  2- 
terminal DP polypeptide related to the larger DP polypep- 
tides, as depicted in Fig. 1. This idea was further supported 
by  the  observations  that  the  70-kD  DP  NHe-terminal 
polypeptide (DP-NTP) was also detected in COS ceils tran- 
siently expressing DP.NTRod168.7myc or DP.NT710.7myc 
and in L cell fibroblasts stably expressing DP.NT710.7myc 
(E. Bornslaeger, A. Kowalczyk, K. Green, unpublished re- 
suits). Thegeneration of this 70-kD polypeptide was not 
caused by the 7myc epitope tag, since in an A431 cell line 
expressing an untagged DP.NT710 construct, the only ec- 
topically expressed DP polypeptide detected with NW161 
was DP-NTP (data not shown). Furthermore, in coupled 
in vitro transcription/translation reactions in which the in- 
put construct encoded DP.NT710, the single metabolically 
labeled  product detected comigrated precisely with DP- 
NTP from a whole cell extract of DP.NT710.C1 cells (A. 
Kowalczyk, J. Borgwardt, and K. Green, unpublished re- 
sults); this evidence directly supports the contention that 
DP-NTP is derived specifically from the expression of the 
NH2-terminal DP cDNA  constructs  transfected into the 
A431 cell lines. 
The Localization of Endogenous DP at CeU-CeU 
Borders is Perturbed in Cells Expressing the 70-kD DP 
NH2-terminal Polypeptide 
Biochemical analysis indicated that DP-NTP was present 
at moderately (about threefold) higher levels than endog- 
enous DP and that the level of endogenous DP in lines ex- 
pressing  DP-NTP  was  approximately half that  typically 
seen in drug resistant or parental control lines (Fig. 2 B). 
Indirect immunofluorescence using the  antibodies NW6, 
NW38, or DP 2.15  to specifically detect endogenous DP, 
not DP-NTP (Fig.  1), indicated that DP-NTP interfered 
with the assembly of endogenous DP into desmosomes. 
For three of the NT710 lines (lines A1, A2, and D3), two 
of the NTRod168 lines (lines 5 and 8), and a line express- 
ing untagged NT710, some cell-cell borders exhibited the 
fine, regularly spaced, punctate pattern of DP staining typ- 
ical of desmosomes, but many cell-cell borders exhibited 
an  aberrant  pattern  of coarse,  irregularly spaced  aggre- 
gates of DP (data not shown). 
The endogenous DP pattern was  even more  dramati- 
cally perturbed in one of the NT710 lines  (line C1)  and 
four of the NTRod168 lines (lines 1, 9, 11, and 29; Fig. 3 A; 
Fig. 4, C and E). Although the distribution of endogenous 
DP was also heterogenous in these latter cell lines, fewer 
cell-cell borders exhibited a typical DP pattern. Endoge- 
nous DP most often appeared as coarse, irregularly spaced 
aggregates, which sometimes occupied extensive stretches 
of cell-cell borders. In  addition, small  aggregates of en- 
dogenous DP were sometimes observed within cells (e.g., 
Fig. 4  E). Furthermore, many cell-cell borders had little 
Figure 5.  Indirect double label immunofluorescence to detect DP-NTP and desmosomal components. Control puromycin resistant (A 
and B) or NT710.C1 (C-H) cells were reacted with NWl61, directed against the DP amino terminus (A, C, E, and G), and either 6D8 (B 
and D), directed against desmoglein, 7G6 (F), directed against desmocollin 2, or 11E4 (H), directed against plakoglobin. Bar, 10 ixm. 
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of cells exhibited even less immunoreactivity for endoge- 
nous DP than represented in Fig. 3 A. 
It seemed likely that the aberrant distribution of endog- 
enous DP in these cells was due to competition between 
ectopically expressed DP NH2-terminal polypeptides and 
endogenous DP for association with desmosome assembly 
intermediates.  If this were  the  case, these  NH2-terminal 
polypeptides  would  be  predicted  to  localize  at  cell-cell 
borders. Not surprisingly, due to their low abundance (see 
above),  no  7myc-tagged DP  NH2-terminal  polypeptides 
could  be detected  by indirect  immunofluorescence using 
the anti-c-myc antibody, 9E10.2 (data not shown). The lo- 
calization of DP-NTP was therefore assessed by perform- 
ing  double  label  immunofluorescence  using  the  mono- 
clonal antibody DP2.15, to specifically detect endogenous 
DP, and NW161,  directed  against the DP NH2 terminus. 
Cell-cell borders that had little or no endogenous DP ex- 
hibited abundant NWl61-immunoreactivity (Fig. 3 B; Fig. 4, 
D  and F), indicating that DP-NTP did in fact localize to 
cell-cell interfaces. It did so, however, in an atypical pat- 
tern that involved more cell surface area than that occu- 
pied by endogenous DP in control cells (compare Fig. 4 B 
and D or F). These observations indicate that DP-NTP has 
information necessary and sufficient to target it to the in- 
ner cell surface and suggest that it can compete with en- 
dogenous  DP  during junction  assembly, resulting  in  the 
aberrant distribution and often loss of detectable endoge- 
nous DP from cell-cell borders. As discussed below, small 
amounts of DP detectable at an ultrastructural level may 
still be present at cell-cell borders. 
Desmoglein, DesmocoUin, and Plakoglobin Colocalize 
with DP-NTP at CeU-CeU Borders 
In order to determine the spatial relationship of DP-NTP 
and desmosomal components with which DP-NTP would 
be  predicted  to  associate,  the  distribution  of the  trans- 
membrane desmosomal cadherins and associated protein 
plakoglobin  was  assessed.  Double  label  immunofluores- 
cence  analysis to  simultaneously  detect  endogenous  DP 
(using NW6 or NW38) and the desmosomal proteins des- 
moglein,  desmocollin,  or  plakoglobin  revealed  that  cell 
borders lacking endogenous DP still exhibited immunore- 
activity for these desmosomal proteins (data not shown). 
However, the distribution of desmoglein, desmocollin, and 
plakoglobin at cell-cell interfaces differed from the regu- 
larly  spaced  punctate  pattern  observed  in  control  cells 
(Fig. 5, A  and B). Instead, all three desmosomal proteins 
occupied  a  significantly larger  surface  area,  colocalizing 
with DP-NTP at cell-cell borders (Fig. 5, C-H). These ob- 
servations support the idea that DP-NTP competes with 
endogenous  DP during junction  assembly by associating 
directly or indirectly with these desmosomal components. 
These results also suggest that DP-NTP governs the distri- 
bution of desmosomal cadherin/plakoglobin complexes in 
these cell lines. 
Keratin Filament Bundles Are Not Attached to Inner 
Cell Surfaces Lacking Endogenous DP 
If the attachment of IF to desmosomes requires DP, then 
keratin IF anchorage should be compromised at cell-cell 
borders  lacking  endogenous  full-length  DP.  To test this 
idea, we examined the distribution of keratin 18-contain- 
ing tonofibrils in control cells and in cell lines expressing 
DP-NTP. (The term "tonofibrils" denotes bundles formed 
by the lateral association of individual IF; such bundles are 
seen in the light microscope as fibers that converge upon 
desmosomes  at  cell-cell  borders  [Bloom  and  Fawcett, 
1975]).  In control cells, abundant tonofibrils converged on 
desmosomes (Fig.  6,  A  and  B).  In cells  expressing DP- 
NTP, however, keratin 18-containing tonofibrils were not 
attached at cell-cell interfaces lacking detectable endoge- 
nous DP (Fig. 6, C-F), even though abundant DP-NTP was 
present  (Fig.  6,  G  and  H).  Tonofibrils were  always an- 
chored at cell-cell interfaces where endogenous DP was 
localized, however (Fig. 6, C-F). More faintly immunoflu- 
orescent keratin 18 meshworks were sometimes observed 
abutting cell-cell margins; it was unclear  at this level of 
resolution,  however,  whether  such  filaments  were  at- 
tached to the inner cell surface. 
We performed an ultrastructural analysis to determine if 
observations made by immunofluorescence represented a 
loss of attachment of IF bundles to cell-ceU interfaces and 
to  examine  whether  the  DP-NTP  at  cell-ceU  interfaces 
participated  in  the  assembly of some type  of junctional 
structure. In cells expressing DP-NTP, we occasionally ob- 
served oversized desmosomes with large plaques attached 
to IF bundles (not shown), probably corresponding to the 
aggregates of endogenous DP seen at the light microscopic 
level  (Fig.  6,  C-F).  However,  the  prevalent  junctional 
structures in these cells (Fig. 7, C and D) differed from the 
normal desmosomes seen in control cells (Fig. 7, A and B). 
Although these junctional structures did appear to have a 
central dense stratum and outer dense plaque, the fibrous 
mat of inner plaque material associated with normal des- 
mosomes was missing. Furthermore, IF bundles were not 
attached to these novel junctional structures, which is con- 
sistent with the immunofluorescence data (Fig. 6) and in- 
dicates  that  DP  is  required  for the  desmosomal attach- 
ment  of all  types  of cytoplasmic IF  bundles  present  in 
A431 cells (Moll et al., 1982). 
Some of these junctional structures were associated with 
sparse, loosely packed 10-nm filaments (Fig. 7 E). This, in 
conjunction with the observation that faintly immunofluo- 
rescent keratin filament meshworks occasionally abutted 
cell-cell margins at sites where endogenous DP was unde- 
tectable  by  immunofluorescence,  suggested  that  small 
amounts of endogenous DP might still be present within 
Figure 6.  Indirect double label immunofluorescence to detect endogenous DP or DP-NTP as well as keratin IF. Control puromycin- 
resistant (A and B), NT710.C1 (C and D), or NTRod168.1 (E-H) ceils were reacted with KSB17.2, directed against keratin 18 (B, D, F, 
and H), and either NW6 (A and C) or NW38 (E), both directed against the DP COOH terminus, to detect endogenous DP, or NW161, 
directed against the DP NH2 terminus,  to detect DP-NTP (G). Arrows (C-F) indicate areas along cell-cell borders where endogenous 
DP is localized. Arrowheads (G and H) indicate examples of areas where DP-NTP is localized at cell--cell borders. Bar, 10 I~m. 
Bornslaeger  et al. Intermediate Filament  Anchorage Requires Desmoplakin  993 Figure 7.  Ultrastructural analysis of junctional structures  in cells expressing DP-NTP. Control puromycin resistant (A and B) or DP- 
NTP-expressing cells (C-F) were prepared for conventional (A-E) or immunogold (F) electron microscopy using antibodies directed 
against the NH2 terminus of DP (NWl61; large gold particles) or the rod domain of DP (DP2.15; small gold particles). Note that control 
desmosomes (A and B) as well as the DP-NTP-containing junctional structures (C-E) exhibit outer dense plaques (brackets). However, 
control desmosomes also exhibit an inner plaque region continuous with attached IF bundles (A and B; straight arrows). Occasionally, 
sparse arrays of 10-nm filaments are seen in association with junctional structures in DP-NTP-expressing cells (E; curved arrows), which 
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either control puromycin-resistant (A and B) or DP.NT710.C1 cells (C and D) reacted with NWl61 (A and C) to detect the DP NH2 ter- 
minus or rhodamine phalloidin (B and D) to detect F-actin. The actin filament pattern is often not well developed in control ceils, often 
taking on a punctate appearance rather than appearing as stress fibers, whereas the actin pattern in NT710.C1 cells is quite robust, fre- 
quently colocalizing at cell-cell borders with NWl61. Bar, 10 i~m. 
some of these junctional structures. This would not be un- 
expected given that we had employed a dominant negative 
approach.  To  test  this  idea,  we  performed  immunogold 
electron microscopy using the antibody NW161  (Fig. 7 F; 
large gold particles) in conjunction with DP2.15 to specifi- 
cally detect endogenous DP (Fig. 7 F; small gold particles). 
Small  amounts  of endogenous  DP  were  indeed  present 
within some of these junctions. 
Together, these results suggest that a range of junctional 
structures coexist in the DP-NTP cell lines, from oversized 
desmosomes containing large amounts of endogenous DP 
and  associated  with  IF  bundles  to  structures  containing 
DP-NTP but little endogenous DP and largely lacking as- 
sociated IF. 
Adherens Junction Components Colocalize 
with DP-NTP and Desmosomal Cadherins at 
CeU-CeU borders 
The loss of IF bundle anchorage in DP-NTP cell lines did 
not reflect  a  nonspecific effect on  cytoskeletal  organiza- 
tion, as immunofluorescence analysis indicated that micro- 
tubule networks were largely undisturbed (data not shown). 
Furthermore,  staining  with  rhodamine  phalloidin  indi- 
cated that there was not a  loss of cortical actin microfila- 
ments  in these  cell lines  (Fig.  8).  In fact,  the cortical mi- 
crofilament system of cells expressing DP-NTP was quite 
robust  relative  to  that  of control  A431  cells,  suggesting 
that actin may be enriched at cell-cell borders in DP-NTP- 
may be accounted for by low levels of endogenous DP (F; small gold particles).  Note that the sparsely packed filaments observed in con- 
ventionally fixed specimens were not seen in cells extracted for immunoelectron microscopy, even along areas containing small amounts 
of endogenous DP, although large attached IF bundles were preserved in control lines using this extraction procedure (not shown). This 
extraction was used to optimize accessibility  to second antibody-conjugated gold particles.  All micrographs are at the same magnifica- 
tion. Bar, 0.1 t~m. 
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teins of the  microfilament-associated adherens junctions, 
the classical cadherins, can associate with plakoglobin, as 
can the  desmosomal cadherins  (Knudsen  and Wheelock, 
1992; Peifer et al., 1992;  Butz and Kemler, 1994;  Kowalc- 
zyk et al., 1994; Mathur et al., 1994; Nathke et al., 1994; Troy- 
anovsky et al., 1994; Chitaev et al., 1996; Wahl et al., 1996; 
Witcher et al.,  1996).  Since plakoglobin colocalized with 
DP-NTP in a pattern differing from that of typical desmo- 
somes (Fig. 5), we examined whether alterations in desmo- 
some organization caused by ectopic expression of DP-NTP 
had any effect on adherens junction assembly by analyzing 
the distribution of adherens junction components, includ- 
ing the classic cadherin E-cadherin and the catenins. 
Immunoblotting demonstrated that the anticadherin an- 
tibodies  used  in  this  study  were  monospecific  (Fig.  9). 
Double  label immunofluorescence analysis revealed that 
the distributions of et- and 13-catenin  and E-cadherin were 
dramatically altered in cells expressing DP-NTP (Figs. 10 
and  11).  In control  cells,  adherens junction  components 
were broadly distributed along cell-cell borders in a pat- 
tern  that was more continuous  than that of desmosomal 
components; although the patterns overlapped somewhat, 
they were quite distinctive (Fig. 10, A and B; Fig. 11, A  and 
C). In cells expressing DP-NTP, however, both E-cadherin 
and a-catenin, and to a lesser extent 13-catenin, colocalized 
extensively with both DP-NTP and the  endogenous des- 
mosomal proteins  desmoglein  and  desmocollin  (Fig.  10, 
C-F; Fig.  11,  B  and D,  and  data  not shown),  suggesting 
that these  two types of junction  components were inter- 
mingled in DP-NTP cell lines. For dual label color immu- 
no  fluorescence analysis, et-catenin was used as an adher- 
ens junction marker (Fig. 11) since the specific localization 
of E-cadherin in adherens junctions has been questioned 
(Jones,  1988;  Horiguchi  et  al.,  1994).  Colocalization  of 
a-catenin with DP-NTP or desmosomal cadherins was es- 
pecially obvious within discrete punctate structures visible in 
en face views of lateral cell borders (Fig. 11, B and D; arrows). 
To determine whether the prevalent DP-NTP-contain- 
ing junctional  structures  identified  at  the  ultrastructural 
level contained adherens junction components as well, im- 
munoelectron microscopic analysis was performed, a-cate- 
nin and DP-NTP colocalized within such junctional struc- 
tures  (Fig.  10 G) as well as along other  areas of the cell 
membrane  (not  shown).  These  structures  therefore  ap- 
peared to be composite junctions containing both desmoso- 
mal and adherens junction components, as well as DP-NTP. 
Discussion 
Ectopic Expression  of  an NH2-terrainal 
Desmoplakin Polypeptide Perturbs the Distribution  of 
Endogenous  Desmoplakin 
Based on its abundance and location within the innermost 
Figure 9.  Immunoblot analy- 
sis  of  antibodies  directed 
against  classic  and  desmo- 
somal cadherins.  Whole cell 
extracts  of A431 cells  were 
subjected  to  SDS-PAGE 
(6.5% gel), transferred to ni- 
trocellulose,  and  immuno- 
blotted with the monoclonal 
antibodies  6D8,  directed 
against  desmoglein  (Dsg); 
7G6, directed against desmo- 
collin  (Dsc); E9,  directed 
against  E-cadherin  (E);  or 
6A9,  directed  against  P-cadherin  (P). Note that each antibody 
recognized a single distinct band. 
portion of the  desmosomal plaque,  DP was proposed to 
link  cytoplasmic IF  networks  to  the  desmosome  (Jones 
and  Goldman,  1985;  Miller  et al.,  1987;  Steinberg et al., 
1987). Although studies defining the functions of individ- 
ual  DP  domains  supported  this  idea  (Stappenbeck  and 
Green,  1992;  Stappenbeck  et  al.,  1993;  Kouklis  et  al., 
1994), they did not test directly whether IF anchorage to 
the desmosome requires DP. We reasoned that the assem- 
bly of endogenous DP into desmosomal plaques would be 
perturbed by the expression of DP NH2-terminal polypep- 
tides. The aberrant distribution  and apparent loss of en- 
dogenous DP from cell-cell interfaces as well as the loss of 
IF anchorage were observed in a number of A431 cell lines 
stably  expressing  cDNAs  encoding  DP  NH2-terminal 
polypeptides. 
In these cell lines, the full-length DP NH2-terminal poly- 
peptides were present at extremely low levels; however, a 
70-kD DP NH2-terminal polypeptide designated DP-NTP 
was expressed at levels about threefold higher than endog- 
enous DP  (Fig. 2 B). The mechanism by which DP-NTP 
arises remains to be elucidated, although it is independent 
of the  presence  of a  COOH-terminal  7myc epitope  tag 
(see results).  DP-NTP was not detected  in  control A431 
cells or in A431 cells stably expressing full-length DP.7myc 
(Fig. 2 B, and data not shown), suggesting that it may be 
generated in the absence of the DP COOH-terminal do- 
main. However, DP-NTP was detected in COS cells tran- 
siently  overexpressing  DP.7myc  (data  not  shown),  sug- 
gesting that DP-NTP can accumulate when the expression 
of full-length DP exceeds a certain level. 
Even  though  the  exact mechanism by which  DP-NTP 
arises is unclear,  the  observed dominant  negative effects 
were most likely caused by this 70-kD polypeptide, based 
on  several  lines  of evidence.  First,  the  COOH-terminal 
7myc tag is  not  responsible  for these  effects, since  they 
were also observed in a cell line expressing a construct en- 
coding  an  untagged  DP.NT710  construct.  Second,  since 
DP-NTP was the only polypeptide detected by NW161  in 
Figure 10.  Colocalization  of DP-NTP with adherens junction  components. Double label immunofluorescence  was performed on either 
control puromycin-resistant  (A and B) or NT710.C1 cells (C-F) reacted with NWl61, directed  against the DP NH2 terminus (A, C, and 
E) and either 1G5, directed against et-catenin (B and D) or E9, directed against E-cadherin (F). The degree of colocalization seen in C-F  is 
typical. Note discrete punctate areas of colocalization  at lateral cell-cell borders. G is an electron micrograph of NT710.C1 cells immu- 
nogold labeled as described  in Materials  and Methods using NWl61 (large gold particles)  and 1G5, directed against et-catenin (small 
gold particles). A-F, Bar, 10 ~m. G, Bar, 0.1 Ixm. 
The Journal of Cell Biology,  Volume 134, 1996  996 Bornslaeger et al. Intermediate Filament  Anchorage Requires Desmoplakin  997 Figure 11.  Dual color overlay double label immunofluorescence  analysis of DP-NTP or desmoglein and a-catenin. Double label immu- 
nofluorescence was performed on either control A431 cells (A and C) or NT710.C1 cells (B and D) reacted with (A and B) NW161 (flu- 
orescein), directed against the DP NH2 terminus, and 1G5 (rhodamine), directed against a-catenin, or (C and D) 6D8 (fluorescein), di- 
rected against desmoglein, and a rabbit polydonal antisera, directed against a-catenin (rhodamine). Note distinct areas of red and green 
fluorescence in control cells (A and C), whereas in NT710.C1 cells (B and D), a yellow signal is seen almost exclusively, indicating  exten- 
sive colocalization of DP-NTP and desmoglein with a-catenin. Similar colocalization was obtained for desmocollin and a-catenin or for 
both of the desmosomal cadherins and E-cadherin (not shown). Arrows in B and D indicate discrete punctate areas of colocalization at 
lateral cell-cell borders. Bar, 5 Ixm. 
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NWl61-immunoreactive material at cell-cell borders that 
did  not  colocalize with  endogenous  DP  must  represent 
DP-NTP. Third, the colocalization of endogenous desmo- 
somal components with DP-NTP at cell--cell borders, to- 
gether with the aberrant distribution of endogenous DP, 
suggests that DP-NTP competes with endogenous DP dur- 
ing junction assembly. 
The apparent local variation in the ratio of endogenous 
DP and DP-NTP observed along individual cell-cell bor- 
ders  (Fig.  3)  is  also  consistent with  the  idea  that  these 
polypeptides  are  in  competition  for junctional  binding 
partners. The range of junctional structures observed in 
these cells at an ultrastructural level is probably a reflec- 
tion of such variation, as discussed below. In addition, the 
overall lower level of endogenous DP in cell lines express- 
ing DP-NTP raises the possibility that endogenous DP not 
assembled into junctions is degraded. 
Desmoplatdn Is Required for Anchoring IF Bundles 
to Desmosomes 
The consequence of the dramatic decrease in endogenous 
DP at many cell-cell interfaces is the loss of attachment of 
IF bundles. This is the best evidence to date that DP plays 
an essential role in the anchorage and organization of IF 
bundles at the desmosome. 
The junctional structures  prevalent in cells expressing 
DP-NTP (Fig. 7, C and D), presumably containing mostly 
DP-NTP and little or no endogenous DP, lacked a fibrous 
mat of inner plaque material and associated IF, supporting 
the idea that the DP rod domain plays a role in the assem- 
bly  of the  inner  desmosome plaque,  as  previously sug- 
gested (Stappenbeck and Green, 1992). Some of the junc- 
tions in DP-NTP--expressing cells exhibited loosely packed 
10-nm filaments (Fig. 7 E) that were likely to be associated 
with small amounts of endogenous DP, not detectable by 
immunofluorescence, but  detectable by immunoelectron 
microscopy (Fig.  7  F).  The majority of endogenous DP 
was apparently present within oversized desmosomes that 
were associated with IF bundles (not shown); such desmo- 
somes presumably have a comparatively high level of en- 
dogenous DP relative to DP-NTP.  One possible mecha- 
nism underlying the assembly of these oversized structures 
is that DP-NTP might promote enhanced clustering of des- 
mosome assembly complexes containing endogenous DP. 
Although our results clearly indicate that DP is required 
for anchoring IF bundles to desmosomes, we cannot rule 
out the possibility that linkage between IF and DP is indi- 
rect, or that other IF-associated proteins may also contrib- 
ute to the establishment and/or maintenance of desmosome/ 
IF linkage.  For instance, two possible  candidates,  IFAP 
300 and plectin, are not restricted to desmosomes but have 
been reported to be present at low levels in these junc- 
tions; both of these DP family members have been sug- 
gested to play a role in linking IF to sites of desmosomal as 
well as hemidesmosomal attachment (Wiche, 1989; Skalli et 
al.,  1994).  New  members  of this  gene  family  may  also 
prove to function  in  a  similar  manner  (Fujiwara  et  al., 
1996).  Another candidate, plakophilin or band 6 protein 
(B6P), has been demonstrated by in vitro assays to associ- 
ate  with  certain  IF  polypeptides  (Kapprell  et  al.,  1987; 
Hatzfeld et al., 1994) as well as desmoglein i  (Mathur et al., 
1994).  In addition, results of Troyanovsky and colleagues 
(1994) suggest that plakoglobin may play an accessory role 
along with DP in mediating IF anchorage. 
Desmosomal Components and Adherens Junction 
Components Coassemble with DP-NTP into Distinct 
Junctional Structures 
The  colocalization at  cell-cell  borders  of DP-NTP  and 
desmosomal components, as well as the corresponding loss 
of endogenous DP from cell-cell borders, suggests that se- 
quences necessary and sufficient to direct the association 
of DP with desmosomal plaque components during des- 
mosome  assembly are  contained within  DP-NTP.  How- 
ever, unlike  endogenous DP, DP-NTP coassembles into 
junctions that contain adherens junction components such 
as E-cadherin and a-catenin, as assessed by both immun- 
ofluorescence  and  immunogold  electron  microscopy. 
Although  DP  and  plakoglobin  are  localized along with 
nondesmosomal cadherins in certain cell type-specific junc- 
tions, such as syndesmos (Schmelz and Franke, 1993), the 
association of nondesmosomal cadherins with DP is  not 
normally observed in epithelial cells such as A431  cells, 
which assemble both desmosomes and adherens junctions. 
What is the mechanism for this unusual coassembly of 
desmosomal and adherens junction proteins in the pres- 
ence of DP-NTP? It seems unlikely that a-catenin coassem- 
bles into these novel junctions by binding directly to des- 
mosomal cadherin-plakoglobin complexes since although 
c~-catenin  has been shown to bind directly to plakoglobin 
(Aberle et al., 1994; Jou et al., 1995; Rubinfeld et al., 1995; 
Sacco et al., 1995), it does not appear to associate with pla- 
koglobin  bound  to  desmosomal  cadherins  (Plott  et  al., 
1994;  A.  Kowalczyk and  K.  Green,  unpublished  data). 
Therefore, it seems most likely that that this codistribution 
of adherens junction and desmosomal components repre- 
sents the lateral association of transmembrane complexes 
containing desmosomal cadherins,  classic cadherins,  and 
their respective associated proteins, and that this lateral 
association is mediated by DP-NTP. Although a direct in- 
teraction between DP and plakoglobin has not yet been 
demonstrated, it seems possible that lateral alignment of 
desmosomal cadherin and E-cadherin complexes may be 
facilitated by interactions, whether direct or indirect, be- 
tween DP-NTP and plakoglobin, which binds to both clas- 
sic and desmosomal cadherins (Korman et al., 1989; Peifer 
et al., 1992; Knudsen and Wheelock, 1992; Kowalczyk et al., 
1994; Mathur et al., 1994; Chipaev et al., 1996; Wahl et al., 
1996; Witcher et al.,  1996).  Together with the moderate 
overexpression of DP-NTP,  plakoglobin  homodimeriza- 
tion (Kapprell et al., 1987) may further enhance coclustering 
of desmosomal cadherin and classical cadherin complexes. 
Since intermingling of adherens junction and desmosome 
components does  not  occur in  normal  epithelial  cells,  it 
seems most likely that sequences within endogenous DP 
but lacking from DP-NTP are somehow responsible for gov- 
erning the normal spatial segregation of adherens junction 
and  desmosomal components at cell--cell borders.  It re- 
mains to be determined whether the critical sequences are 
to be found in the remainder of the DP NH2-terminal do- 
main, or whether the rod and COOH-terminal domains, 
Bornslaeger et al. Intermediate Filament  Anchorage Requires Desmoplakin  999 which are required for DP dimerization and the formation 
of a dense IF-associated inner plaque, are required for the 
normal  spatial  segregation  of  adhesive  junction  compo- 
nents. 
Another  important  issue  is  whether  the  observed  dis- 
ruption of IF attachment has more global effects on cell 
morphology or behavior. So far, we have not observed any 
obvious effects on intercellular adhesion, cell growth, mo- 
tility, or other aspects of cell morphology or behavior of 
these cells growing in culture. This is not surprising, how- 
ever, in light of the fact that perturbation or loss of IF net- 
works in cultured ceils by antibody injection or expression 
of mutant keratin proteins also does not have obvious ef- 
fects on cell morphology or behavior; it is only when ker- 
atins are disrupted in vivo, in embryos or in developing tis- 
sues,  that  their  functional  importance  is  revealed 
(Klymkowsky et al., 1983; Albers and Fuchs, 1987; Vassar 
et al., 1991; Klymkowsky et al., 1992). Thus, it seems rea- 
sonable that the functional importance of IF attachment to 
junctional contact sites might also be best determined by 
perturbation  of this  association within  a  complex tissue. 
For  instance,  abnormalities  in  mechanical  integrity  and 
cell migration were reported in the epidermis of mice in 
which  the  putative  hemidesmosomal  IF  linker,  bullous 
pemphigoid 230-kD  antigen, was ablated  by targeted ho- 
mologous recombination (Guo et al., 1995).  Likewise, the 
ablation  of  the  DP  gene,  or  the  targeted  expression  of 
NHz-terminal DP polypeptides  to specific tissues such as 
mouse epidermis, may provide a more sensitive test of the 
function of DP in cell-cell  adhesion, differentiation,  and 
the maintenance of tissue integrity. 
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